Joint analysis of beef growth and carcass quality traits through calculation of co-variance components and correlations.
INTRODUCTION
The optimization of cattle production systems including the evaluation of alternative management and marketing strategies requires knowledge of the variation in body weights and carcass traits and the association between them. Successful prediction of economically important carcass quality traits of cattle following a specific growth path depends as much on a correct estimation of (co)variance components of its genotype parameters as on a detailed description of its environment (Crews Jr. et al., 2003; Baker et al., 2006) . It is then possible to estimate the correlations between growth and carcass quality traits over the entire growth period and finally predict carcass quality traits from live growth traits (Kahi et al., 2007; Lambe et al., 2007) . Kilpatrick and Steen (1999) reported that the estimates of (co)variance components will lead to the establishment of carcass correlation curves over time and the development of a predictive model. In many published articles, covariances between growth and carcass traits at specific (discrete) ages are provided (Bergen et al., 2006a,b; Smith et al., 2007) , and essential information regarding the estimation of covariances between longitudinal growth data and carcass quality traits is often lacking.
Therefore, the main objective of this study was to estimate genetic and non-genetic covariances between longitudinal body weights and carcass quality traits using the joint growth-carcass sire model with random regression. Hence, a major point of interest in this study was to answer a basic question: how does the correlation between live weight and carcass traits change over time?
MATERIAL AND METHODS

Animals and management
Animals from the "Southern Crossbreeding Project" were used for this study. The Project was designed to determine variations between and within breeds with the aim of improving the utilization of existing breeds for meeting a range of market specifications in southern Australia (Pitchford et al., 2002) . Purebred Hereford cows (581) were mated to semen of 7 sire breeds: Angus (11 sires), Belgian Blue (16 sires), Hereford (10 sires), Jersey (12 sires), Limousin (16 sires), South Devon (15 sires), and Wagyu (17 sires). Of the 637 cows that calved, 581 had progeny that survived to slaughter and were used in the analysis herein. There Joint analysis of beef growth and carcass quality were generally 12-15 progeny per sire, with an average of 13 calves per sire and 14 sires per breed. Sires were generally used in one year only, whereas dams were commonly used for more than one year. All cows were 3 years or older when calving, so no maiden heifers were used. They were artificially inseminated in June and July the previous year, and if they did not conceive with two insemination attempts, they were removed from the experiment until the next mating. The project comprised 1141 of the heifers (female) and steers (castrated male) born in autumn (average birth date April 3rd) at two locations; "Struan" near Naracoorte and "Wandilo" near Mount Gambier in the southeast part of South Australia. Calves were weaned in summer (mid-December-early January) at 250 to 300 days of age. At weaning, all calves born at Wandilo were transferred to Struan. Calves stayed with their dams on pasture until weaning, were grown until 12 to 18 months of age, and then transported to a commercial feedlot (Pitchford et al., 2002) . All cattle were slaughtered commercially at abattoirs, and they were processed depending on which market they were to be sent.
Live body weights
Live body weights (unfasted) consisted of 13 measurements for steers and 8 measurements for heifers at approximately every 50 days from birth until slaughter. Table 1 shows summary statistics of the weight-age array from birth to slaughter for steers and heifers. The means were averaged over all four years. The standard deviation for live weight of both heifers and steers increased from the first to the last weighing (Table 1) . To overcome this heterogeneous variance, the use of the natural logs of the body weights rather than the original body weights seemed sensible. Thus, where y t is normally distributed with mean μ t and variance σ t 2 that depend on t. The mean and variance of body weight are therefore given by exp (μ + σ 2 / 2) and exp
Growth (natural log of body weight) had an approximately cubic pattern, and the cubic polynomial in the time formed the basis of the model considered in the current study. Age was centered (mean subtracted) and scaled (from days to years). This was done for both numerical reasons and for prediction. In the former case, changes in one predictor could be gauged by setting others at their mean, i.e., at the new origin for centered age, and in the latter, (co)variance components were more easily estimated because they were larger.
Carcass quality traits
The four primary traits affecting carcass value in Australia are hot standard carcass weight (HSCW), P8 fat depth (P8), rib eye muscle area (EMA), and intramuscular fat content (IMF). HSCW and P8 fat depth were assessed based on a standard trim and locations (AUSMEAT, 1995) . EMA was measured at the site of quartering. Commercial constraints produced variation in the site of quartering, so the EMA was adjusted as described by Pitchford et al. (2006) . IMF was the chemical extraction of fat from a meat sample taken as a slice (approximately 100 g) off the longissimus dorsi, generally between the 12th and 13th ribs (Pitchford et al., 2002) . Table 1 lists the means and standard deviations of the carcass quality traits considered in this study for heifers and steers. Most carcass traits exhibited a skewed distribution (data not shown) and so were transformed. The separation with respect to slaughter age reflects the different management systems for heifers and steers.
Statistical analysis
A joint growth-carcass sire mixed model was fitted using ASREML (Gilmour et al., 2000) to estimate the covariance components and correlations among genetic and environmental components of the body weights and carcass quality traits. The mixed model fitted was of the form у = Χτ + Zu + e where X is the incidence matrix of fixed effects; τ is the vector of fixed effects; Z is the incidence matrix for random effects; u is the vector of random effects; e is the vector of random errors (temporary environmental effect or measurement error), NID (0, σ²).
The vector у contains both the growth and carcass measurements. The fixed effects are as for the individual analysis of growth and carcass traits. Thus, where X 1 is the design matrix for the growth fixed effects and X 2 is the design matrix for the carcass fixed effects. The fixed effects fitted are listed below and the final random effects fitted are reported in In the model for the i th animal there is u i ~ N (0, G), where u i is the 16 x 1 vector of random effects, which consist of mean, linear, quadratic, and cubic terms for each of the four component random effects (Sire (S), Dam (D), Management (M), and Permanent environmental (P)). Initially, an animal model was fitted, but many more components could be estimated using the sire model. An unfortunate outcome of this is that the maternal effect includes some additive genetic variance in addition to just maternal (milk yield, etc.).
The matrix G is 32 x 32 and has the form and each G j (j = S, D, M, or P) is 8 x 8 as reported in Table 2 . An important point is that the permanent environmental effects for carcass traits correspond to the residual term for these traits and are hence total (include temporary) environmental variances. The overall residual modeled as σ2I (temporary environmental that is constant variance and uncorrelated) was estimated from the live weight data only.
Calculation of correlations
The main objective of this study was to estimate corresponding correlations between growth path (longitudinal body weights) and carcass quality traits (Equation 1), namely
where lnc ij is log of i th carcass trait of j th calf; lng ijt is log of i th body weight of j th calf at time t; var(lng ijt ) is the variance of growth components; var(lnc ij ) is the variance of transformed growth components, and cov(lnc ij , lng ijt ) is the covariance between transformed growth and carcass traits. Using properties of the log-normal distribution (Aitchison and Brown, 1963; Limpert et al., 2001) , it follows that the correlation between c ij and g ijt is given by
Thus, the variance of growth components (var(lng ijt )), the variance of carcass quality traits (var(lnc ij )), and the covariance between growth and carcass quality traits (cov(lnc ij , lng ijt )) need to be determined from the joint model.
First, the variance of each component can be shown to be As a result of fitting such a highly parameterized model, at some ages these covariances may be slightly outside the allowable range, resulting in correlation estimates greater than 1.
RESULTS AND DISCUSSION
Growth (co)variance components
Estimates of sire (additive genetic), dam (additive + maternal), management group, and permanent environmental variance components for the growth and carcass quality traits and correlations between them are given in Table 2 . Cubic random coefficient models were postulated d HSCW = hot standard carcass weight; P8 = rump fat depth; EMA = rib eye muscle area; IMF = intramuscular fat content. Note that all variables were log transformed and age was in years (not days). Zero means that traits were not measurable.
Joint analysis of beef growth and carcass quality for each of the four sources of variation (sire, dam, permanent environmental, and management effects). In many cases, the data did not support inclusion of all terms because there was a failure in convergence when fitting the model. Estimated components that are listed as zero were on the boundary; that is, they converged to zero. The quadratic variances were very small for sire and dam, and we were not able to estimate their covariances (Table 2 ). In total, 24 (of 40) (co)variance components could be estimated for the growth traits ( Table 2) . None of the correlations between growth parameters (mean, linear, etc.) were extraordinarily high (maximum 0.80).
Estimates of total variance for each random component, i.e., sire, dam, permanent environmental, and environmental effects, variances, were plotted against time (Figure 1 ). The sire variance was lowest but increased with time as expected in agreement with Rekaya et al. (1999) and Schenkel et al. (2004) . The dam variances were low and tended to be constant throughout the trajectory (Figure 1 ). It decreased from birth but was always higher than the sire variance. The trend in dam variances was consistent with Fischer et al. (2004) who reported constant dam variances over growth path (500 days) for sheep. Based on size scaling, 500 days in sheep is likely equivalent to approximately 1000 days in cattle, thus covering the range analyzed herein. Other studies with cattle have shown that maternal variance declines with age (Meyer, 2002) . Perhaps, the discrepancy found in various studies may be attributed to partitioning problems between maternal genetic and permanent environmental effects. The permanent environmental variance was slightly lower than the dam variance at all ages. The shape of the permanent environmental variance was generally similar to dam variance. However, it should be noted that all of those components were small. The most notable trend in management variances was the sharp increase beyond 500 days of age. This indicates the importance of the management group during feedlot period, and in this study, particularly for steers (Figure 1 ). In contrast, heifers were slaughtered after a short feedlot period (~70 days) at a maximum of 500 days of age. Heritability of live weight increased steadily with age, ranging from 0.08 at birth to 0.92 at 700 days of age (Figure 2) . It is possible that since a sire model was fitted, some of the additive genetic variance, especially in young calves, was attributable to the dam component. In general, these results, except for the beginning and the end of the trajectory, were in the range of most values seen in the literature (Mohiuddin, 1993; Koots et al., 1994a; Carnier et al., 2000) . This result was consistent with Meyer (1998) who observed that data points at the beginning and end of the lactation trajectory, for which an animal has records, have a relatively large impact on the regression coefficient estimates when polynomials are used as the covariance function. The estimates of additive heritabilities for birth weight were smaller than previously reported in the literature and even for this project when birth weight was treated as a discrete trait (0.31; Pitchford et al., 2006) , although that analysis did not include a maternal component and could easily be an overestimate. In contrast, additive heritability beyond 650 days herein was higher than in previous studies (e.g., Koots et al., 1994a) . Dam heritability estimates derived from the cubic sire model were moderate at all ages, ranging from 0.50-0.63 and fairly constant during the trajectory (Figure 2) . Meyer (2002) reported that dam effects decrease with time post-weaning. The magnitude of present estimates was higher than some past estimates reported in the literature. The heritability estimates due to maternal effects on birth weight in order range between 0.03-0.82 in different breeds, 0.1 being the average (Stelzleni et al., 2002) . Baker (1980) reported that the average estimates of genetic parameters due to maternal effects on growth traits were higher than those reviewed by Mohiuddin (1993) . Contrary to general conclusions in previous studies, maternal heritabilities were higher than additive heritabilities, indicating that growth traits were determined more by the environmental conditions than by those of the genetic characteristics of the calf. However, the patterns of estimates are in agreement with others, where they are highest for birth and weaning weights, followed by yearling, implying importance of maternal effects for birth and weaning weights rather than others. Meyer (1992) concluded that when only one of these effects (maternal genetic or permanent environmental) is considered in the model of analyses, most of the maternal variation is likely to be accounted for. The discrepancy found in various studies could also be attributed to the number and sorts of effects fitted and the mathematical function of the model (Kettunen et al., 1998; Baker et al., 2006) .
Joint analysis of beef growth and carcass quality
Carcass quality (co)variance components
Almost all carcass variance components (36 of 40) could be estimated. The environmental or residual variance for HSCW was zero, and hence, there was also no residual covariance between HSCW and the other carcass traits. The relative contribution of variance components to the total phenotypic variance is shown in Figure 3 . Management variation was considerable and accounted for 48, 33, 41, and 44% of total variation for HSCW, P8, EMA, and IMF, respectively. The environmental variance (permanent + temporary) contributions of HSCW, P8, EMA, and IMF were 0 (non-estimable), 56, 29, and 50%, respectively. The sire variations were 12, 6, 6, and 3% for HCW, P8, EMA, and IMF, respectively. It should be noted that the sire component describes one-quarter of the additive genetic variance. The total genetic (sire + dam) variance was small for fat traits (6-12%), moderate for EMA (30%) and large for HSCW (52%). Heritabilities calculated from the sire variance and excluding management group variance (4.sire / (sire + dam + residual)) were 93, 33, 40, and 20% for HSCW, P8, EMA, and IMF, respectively.
The genetic (sire) correlation between HSCW and EMA (0.9; Table 2) was higher than in the analysis of the same data set with an animal model (Pitchford et al., 2006) , but most were similar. HCW showed a slightly negative genetic correlation with P8 but was moderately genetically correlated with IMF. Shanks et al. (2001) found similar genetic correlations on an age-constant basis between HSCW and P8 fat depth compared to those herein (0.08; Table  2 ). However, Koots et al. (1994b) and Marshall (1994) reported that the genetic correlation between HSCW and P8 fat depth is higher and positive. The sire correlations between EMA and fat traits (P8 and IMF) were low and negative. This agrees with several studies conducted at a constant age, whereas other studies have reported stronger negative relationships between EMA and P8 (Koots et al., 1994b; Utrera and Van Vleck, 2004) . Studies conducted at a constant weight (Arnold and Bennett, 1991) or constant fat thickness (Gilbert et al., 1993; Johnston et al., 2003 ) also found larger negative correlations. Brackelsberg et al. (1971) suggested a small negative association between EMA and P8 when evaluated on a constant marbling basis. The negative genetic correlation between EMA and IMF was in agreement with the literature (Koots et al., 1994b; Marshall, 1994) , although the genetic correlation was relatively low (-0.14). The sire correlation between P8 and IMF was low. As expected, the dam (co)variance component was low for all carcass traits. The dam correlation between HSCW and both EMA and P8 was unity. It was also surprisingly high (0.58) with IMF. The environmental variances were higher than genetic, dam and permanent environmental components (Table 2) . Among the carcass traits considered, environmental variances for fat traits were higher than others (Table 2, Figure 3) . Management correlations were reasonably high (>0.76) for most traits (except between P8 and IMF). Management correlations between HCW and fat traits (P8 and IMF) were higher than the corresponding genetic correlations, and again, HCW was most strongly correlated with EMA. The management correlation between P8 and EMA was high (0.83). The value and direction of the correlation between EMA and IMF for management component were different from those in the genetic correlations. IMF was less correlated with EMA (0.56) and correlated surprisingly little with P8 fat depth (0.26). In general, management correlations were higher than random environmental correlations. Similar patterns as with the genetic correlations were observed for management correlations between fat traits and quantity traits. Residual correlations with HSCW were non-estimable because of the zero variance. Other residual correlations were close to zero with the greatest being between P8 and IMF (0.12).
Growth-carcass (co)variance components
Since there were 13 (of 16) variances estimated for growth (live-weight cubic not including the covariances) and 15 (of 16) carcass trait variances, there was a potential to estimate 49 rather than 64 covariances between growth and carcass quality. It was possible to estimate 35 of these so that the final model included 95 (co)variance components or the possible 144. A full set of covariances could not be estimated because of factors such as the size of data set, the nature of relationships between traits, lack of variation in pre-weaning growth, limitations of the program used, and the large number of parameters attempted.
There were 8-10 covariances for each of the components (sire, dam, management, and environmental). These values form the basis of the subsequent calculations of correlations. As expected and by definition, there were high associations between growth traits and HSCW. HCW and EMA were most highly correlated with the mean, but P8 and IMF were most highly correlated with the linear growth parameter (Table 2 ). Mean and linear growth was highly positively correlated with HCW. EMA was not highly genetically correlated with linear growth (0.03), it was highly correlated with mean live weight (0.90; Table 2 ). It appears that these findings are in line with Moser et al. (1998) who reported genetic correlations between yearling weight and rib-eye area of 0.60 and 0.45, respectively. Genetic correlations between mean and P8 was low (Table 2) ; however, the association between linear growth rate and P8 was positive and moderate. The magnitude of the estimated dam variance mean was approximately twice that of the variance of linear growth. The mean (growth) exhibited strong and linear growth rate, indicating poor dam relationships with HCW. Therefore, no dam influences on growth rate of carcasses were observed. A negative genetic correlation between linear growth rate and P8 existed but was very low. Linear growth and IMF had low dam association. In general, mean and linear growth rate had unfavorable management correlations with carcass traits. The management correlations between mean and carcass quality traits could not be estimated. There was a negative management correlation between P8 and linear growth rate. The management correlation between linear growth rate and IMF was low ( Table 2 ). The permanent environmental correlations between mean, linear and quadratic with Joint analysis of beef growth and carcass quality carcass quality traits appear to be low. However, the permanent environmental correlations between mean, linear and quadratic with HCW could not be estimated (Table 2) .
Correlations between growth and carcass traits over time
The changes in phenotypic correlations between growth and carcass traits over the lifetime of the calves are presented in Figure 4 . Phenotypic correlations between growth and fat traits were low at all ages. These correlations have also been partitioned into component sources of variance: sire, dam, management, and permanents environmental correlations (Figure 5) . The phenotypic, genetic (sire) and dam correlations of birth weight with HSCW were positive and moderate to high ( Figure 5 ), but the environmental correlations between them were low. The very low environmental correlations between birth weight and HSCW implied that environmental effects on birth weight had little impact on subsequent HSCW, at least for the range of conditions experienced herein. As for birth weight, the environmental correlation between weaning weight and HSCW was low, indicating independence of the environments that affect both traits. The association between birth weight and EMA was phenotypically low, but genetically very high. Dam and environmental correlations between birth weight and EMA were moderate. Birth weight had low phenotypic, genetic, dam, and management correlations with P8 fat depth. The phenotypic, dam and environmental correlation between birth weight and IMF was positive and low, but the genetic correlation was moderate. The low genetic correlation between the mean and IMF may be due to brown adipose tissue at birth and the fact that fat is mainly deposited in the abdominal cavity and visceral organs at birth, or just that fat levels at birth are very low (Buckley et al., 1990; Smith et al., 2007) . The high genetic associations of growth rate and IMF in this study imply that selection for fast growth is likely to change IMF in breeding animals. Veseth et al. (1993) reported that the average genetic correlation between pre-weaning growth and marbling score of Hereford and Simmental cattle was 0.39, indicating a favorable relationship between selection for increased weaning weight and increased marbling. Arnold and Bennett (1991) found that marbling was uncorrelated with weaning weight but marbling was positively correlated with post-weaning gain on a weight-mean basis. Weaning weight and HSCW had favorable phenotypic and genetic correlations. The genetic correlation between weaning weight and EMA was high. The estimates of phenotypic and dam correlations between weaning weight and EMA were moderate, and the environmental correlation between them was low. The estimates of the phenotypic, genetic and environmental correlations between weaning weight and P8 were low and dam correlation between those traits was moderate. The environmental and genetic correlations between the weaning weight and IMF were low to moderate, respectively ( Figure 5 ). High genetic associations of growth rate with HSCW and P8 fat indicated that high growth will lead to heavier carcasses with greater fat depth. Previous reports confirm the positive genetic correlations between fat thickness and pre-weaning growth (Koch et al., 1994) and post-weaning growth (Arnold and Bennett, 1991) . This may be expected because as the cattle progress from birth to mature weight, there is a large increase in the percentage of fat. Koots et al. (1994b) reported genetic correlations of 0.24, 0.32 and 0.19 between fat depth and weaning, yearling weights and postweaning gain, respectively. The pre-weaning body weights were negatively related genetically to P8 fat depth (Figure 5 ), in general agreement with Arnold and Bennett (1991) and Kemp (1999) . The negative relationship between weaning weight and P8 fat depth could be related to maturing rate. Animals that are heavier at weaning may mature slowly and consequently could have increased amounts of lean muscle tissue relative to external fat. Koots et al. (1994a) , Marshall (1994) , Hennessy and Morris (2003) , and Hennessy and Arthur (2004) reported that those animals that had higher pre-weaning growth had heavier carcasses although they also tended to be fatter than carcasses from animals that had low pre-weaning growth rates. However, it is equally possible that the negative correlations are simply low correlations Joint analysis of beef growth and carcass quality that have become negative because of the inflexibility of the cubic polynomial. This could be an argument for using a cubic spline, although partitioning the spline into the components herein (sire, dam, management, residual) is non-trivial. The management correlations ( Figure  5 ) indicate that there was negligible relationship between growth of calves during their first year and subsequent carcass quality. This is supported by the study of Greenwood et al. (2006) and early study by Tudor et al. (1980) where growth path was substantially altered as part of the experimental design. Both studies concluded that while slowing a calf's growth meant that target carcass weights took longer to attain, there were no adverse effects on beef quality and only small effects on carcass composition.
Phenotypic, genetic and dam correlations were found to be positive and high for postweaning body weights with HSCW ( Figure 5 ). The management correlations between yearling body weight and HSCW were low, but as age increased they sharply increased during the post-weaning period. There was a moderate to high, positive genetic correlation between post-weaning growth and EMA. The phenotypic correlation between yearling weight and fat traits (P8 and IMF) was low. There was a low phenotypic and management relationship and a moderate genetic and dam relationship between yearling weight and IMF. Residual correlations were low with all carcass traits.
CONCLUSION
To meet demands for quality beef, beef producers need to consider not only growth but also carcass traits in selection decisions. Knowledge of growth-carcass curve shape, in particular its non-genetic determination, would be of interest for optimizing breeding goals and management practices to meet market specifications. From a selection standpoint, early growth was genetically correlated with HSCW and EMA but not with carcass fatness. Management of cattle in their first year was not a major determinant of carcass quality, suggesting that as long as calves are healthy, growth rate is of little importance. However, not surprisingly, management (growth rate) during the feedlot phase was crucial for all four carcass traits. Cattle growth traits are determined more by the environmental conditions than by the genetic characteristics. In both growth and carcass traits, the management effects were larger than genetic, dam or permanent environmental. For obtaining "better" estimates of (co)variance components, the use of a larger data set as well as mathematical functions other than polynomials would be helpful. High growth will lead to heavier carcasses with more fat depth and will likely change IMF in breeding animals. Increasing HCW would increase the genetic potential for EMA but may reduce marbling and tend to slightly increase P8.
